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Abstract

Classical results in computability theory, notably Rice’s theorem, focus on the
extensional content of programs, namely, on the partial recursive functions that
programs compute. Later and more recent work investigated intensional gener-
alisations of such results that take into account the way in which functions are
computed, thus affected by the specific programs computing them. In this pa-
per, we single out a novel class of program semantics based on abstract domains
of program properties that are able to capture nonextensional aspects of pro-
gram computations, such as their asymptotic complexity or logical invariants,
and allow us to generalise some foundational computability results such as Rice’s
Theorem and Kleene’s Second Recursion Theorem to these semantics. In partic-
ular, it turns out that for this class of abstract program semantics, any nontrivial
abstract property is undecidable and every decidable over-approximation nec-
essarily includes an infinite set of false positives which covers all the values of
the semantic abstract domain.

Keywords: Computability Theory, Recursive Function, Rice’s Theorem,
Kleene’s Second Recursion Theorem, Program Analysis, Affine Program
Invariants

1. Introduction

Most classical results in computability theory focus on the so-called exten-
stonal properties of programs, i.e., on the properties of the partial functions
they compute. Notably, the renowned Rice’s Theorem [33] (see also standard
textbooks such as [12, 28, 36]) states that any nontrivial extensional property
of programs is undecidable. Roughly speaking, a property is extensional when
it only concerns the function computed by a program, i.e., its input/output
behaviour. Despite being very general, Rice’s Theorem and similar results in
computability theory, due to the requirement of extensionality, leave out several
intensional properties which are of utmost importance in the practice of pro-
gramming. Essential intensional properties of programs include their asymptotic
complexity of computation, their logical invariants (e.g., relations between vari-
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ables at program points), or any event that might happen during the execution
of the program while not affecting its output.

State-of-the-Art. A generalisation of well-established results of computability
theory to the realm of program complexity has been put forward by Asperti [1].
A first observation is that Blum’s complexity classes [3], i.e., sets of recursive
functions (rather than sets of programs) with some given (lower or upper) bound
on their (space and/or time) complexity, are not adequate for investigating the
decidability aspects of program complexity: in fact, viewed as program proper-
ties they are trivially extensional. Thus, a key idea in [1] is to focus on the so-
called complezxity cliques, namely, sets of programs (i.e., program indices) closed
with respect to their extensional input/output behaviour and their asymptotic
complexity. Asperti [1] showed how this approach enables intensional versions of
Rice’s theorem, Rice-Shapiro theorem, and Kleene’s second recursion theorem
([12, 36] are standard references for these foundational results) for complexity
cliques.

More recently, a different approach has been considered by Moyen and Si-
monsen in [25], where the classical definition of extensionality has been weak-
ened to a notion of partial extensionality. Roughly, a given set of programs is
partially extensional if it includes the set of all programs computing a given
partial recursive function. It is shown in [25] that if a set of programs and its
complement are partially extensional, then they cannot be recursive. Interest-
ingly, this result can be further generalised by replacing the extensionality with
an equivalence relation on programs satisfying some suitable structural condi-
tions, notably, the existence of a so-called intricated switching family. Moyen
and Simonsen [25] show how to derive within their framework intensional ver-
sions of Rice’s Theorem — generalising Asperti’s result [1] — and Rice-Shapiro
Theorem.

Several results concerning the undecidability of specific intensional program
properties of interest for static program analysis have been put forward. It is
worth recalling the undecidability of flow-sensitive alias analysis in languages
with conditional statements, loops, dynamic storage and recursive data struc-
tures [6, 20], the undecidability of points-to analysis for languages restricted
to use scalar variables [6], the undecidability of associativity and commuta~
tivity analysis for functions in parallel languages [7], and the undecidability
of context-sensitive data-dependence analysis [32]. Notably, Miiller-Olm and
Seidl [26] proved that for affine programs with positive affine guards it is unde-
cidable whether a given nontrivial affine relation holds at a given program point
or not. This latter result relies on a reduction to the undecidable Post corre-
spondence problem, inspired by earlier reductions explored in data flow analysis
[13, 16], and is formulated by leveraging Karr’s lattice [17], a well known ab-
stract domain in static program analysis [9, 24, 34] consisting of affine equalities
between program variables, such as 2z — 3y = 1.

Main Contributions. The results in this paper yield undecidability guarantees
for general classes of intensional program properties as those of interest for pro-



gram analysis. In brief, for abstract semantics satisfying suitable conditions, we
show that all non-trivial properties of the semantics of programs are undecid-
able. In particular, our framework is instantiated to prove some undecidability
results for static program verifiers in a general setting for program analysis
and verification by Cousot et al. [11], and to re-discover as a particular case
the undecidability of affine invariants for affine programs with positive affine
guards proved by Miiller-Olm and Seidl [26]. More in detail, along the lines
traced by Asperti [1], we investigate whether and how some fundamental ex-
tensional results of computability theory can be systematically generalised to
intensional aspects of computation, but rather than focusing on specific inten-
sional properties we deal with generic abstract program semantics. More in
detail, we distill two fundamental properties of abstract program semantics in
our approach: the strong smn property and the existence of a universal fair pro-
gram, roughly, an interpreter that preserves the abstract semantics. We show
that for abstract semantics satisfying the strong smn property and admitting
a universal fair program, a generalisation of Kleene’s second recursion theorem
can be proved. This, in turn, leads to a generalisation of Rice’s theorem. As
we will discuss in Section 6, the framework is general enough to be applicable
to Asperti’s complexity cliques of [1]. Besides relying on a general abstract
program semantics, inspired by Moyen and Simonsen’s approach [25], we also
relax the extensionality condition to partial extensionality. This weakening pro-
vides stronger impossibility results as it allows us to show that every decidable
over-approximation necessarily contains an infinite set of false positives which
covers all the values of the underlying semantic abstract domain. On a different
route, we establish a precise connection with Moyen and Simonsen’s work [25]
by showing that for any abstract program semantics satisfying the strong smn
property and a structural branching condition (roughly, expressing some form of
conditional choice), we can prove the existence of an intricated switching family,
which turns out to be the crucial hypothesis in [25] for deriving an intensional
version of Rice’s theorem. This notion of intricated switching family is further
explored by identifying a canonical one.

Therefore, on the one hand, we generalise the results in [1], going beyond
complexity cliques, and, on the other hand, we provide an explicit characterisa-
tion of a class of program semantics that admit intricated switching families so
that the results in [25] can be applied.

Finally, we show some applications of our intensional Rice’s theorem that
generalise some undecidability results for intensional properties used in static
program analysis. In particular, we focus on program analysis in Karr’s abstract
domain of affine relations between program variables [17] and on the aforemen-
tioned undecidability result for affine programs with positive affine guards by
Miiller-Olm and Seidl [26]. Here, we first show that the class of affine programs
with positive affine guards, modeled as control flow graphs, is Turing complete
(something that, to the best of our knowledge, was previousl unknown in the
literature). Then, this allows us to derive the undecidability result in [26] as a
consequence of our results.



Outline. The rest of the paper is structured as follows. In Section 2, we provide
some background and our basic notions. In Section 3, we introduce the strong
smn property, fair universal programs, and the branching condition that will
play a fundamental role in our results. In Section 4, we provide our generalisa-
tion of Kleene’s second recursion theorem and use it to derive our intensional
Rice’s theorem. We also establish an explicit connection with the notion of in-
tricated switching family given in [25], and discuss some immediate applications
for static program verifiers in the setting of Cousot et al. [11]. In Section 5, we
prove first that the class of affine control flow graphs with positive affine guards
is Turing complete, and then we provide more applications of our results to
the analysis of such affine programs. Section 6 discusses in detail the relation
with some of Asperti’s results [1] and with Rogers’ systems of indices [35, 36].
Finally, Section 7 concludes and outlines some directions of future work. This
is a full and revised version of the conference paper [2].

2. Basic Notions

Given an n-ary partial function f : N® — N, we denote by dom(f) the do-
main of f and by mg(f) £ {f(¥) : ¥ € dom(f)} its range. We write f(Z) |
if € dom(f) and f(Z)1 if & ¢ dom(f). Moreover, AZ.1 denotes the always
undefined function. We denote by F,, £ N® — N the class of all n-ary (possibly
partial) functions and by F £ (J, F, the class of all such functions. Addition-
ally, C,, C F,, denotes the subset of n-ary partial recursive functions (C stands
for computable) and C £ |, C,, the set of all partial recursive functions.

Assumption 2.1 (Turing completeness). Throughout the paper, we assume
a fixed Turing complete model and we denote by P the corresponding set of
programs. Moreover, we consider a fixed Godel numbering for the programs
in P and, given an index a € N, we write P, for the a-th program in P. A
program can take a varying number n of inputs and we denote by (j)((ln) € C,, the
n-ary partial function computed by P,. By Turing completeness of the model,
¢ ={6{" | a,n € N} holds. 0

The binary relation between programs that compute the same n-ary function
is called Rice’s equivalence and denoted by ~%, i.e.,

a~%b N ¢((1n) = ¢l(7").

The classical Rice’s theorem [33] compares the extension of programs, i.e.,
the functions they compute, and shows that unions of equivalence classes of pro-
grams computing the same function are undecidable. In Asperti’s work [1], by
relying on the notion of complexity clique, the asymptotic program complexity
can be taken into account. Our idea here is to further generalise the approach
in [1] by considering generic program semantics rather than program complexity.
Additionally, an equivalence relation on program semantics allows us to further
abstract and identify programs with different abstract semantics. This turns



out to be worthwhile in many applications, e.g., the precise time/space pro-
gram complexity is typically abstracted by considering asymptotic complexity
classes.

Definition 2.2 (Abstract semantics). An abstract semantics is a pair (7, =)
where:

(1) m:N? — F associates a program index a and arity n with an n-ary function
m(ln) € F,, called the semantics of a;

(2) = C F x F is an equivalence relation between functions.

Given n € N, the n-ary program equivalence induced by an abstract semantics
(m, =) is the equivalence ~* C N x N defined as follows: for all a,b € N,
a~"b = =, 71'15”). O
The notation for the case of arity n = 1 will be simplified by omitting
the arity, e.g., we will write ¢, and ~, in place of gb((ll) and ~1, respectively.
Abstract semantics can be viewed as a generalisation of the notion of system of
indices (or numbering), as found in standard reference textbooks [28, 36]. This
is discussed in detail later in Section 6.2. Let us now show how the standard
extensional interpretation of programs, complexity and complexity cliques can
be cast into our setting.

Example 2.3 (Concrete semantics). The concrete input/output semantics

can be trivially seen as an abstract semantics (¢, =) where (b,(ln) is the n-ary
function computed by P, and = is the equality between functions. Observe
that this concrete semantics induces an m-ary program equivalence which is
Rice’s equivalence ~'%. O

Example 2.4 (Domain semantics). For a given set of inputs S C N, consider
(¢, =5) where (i)t(zn) is the n-ary function computed by P, and for f,g: N — N,
we define f =g g <= dom(f) NS = dom(g) N S. O

Example 2.5 (Blum complexity). Let ® : N> — C be a Blum complexity [3],
ie., forall a € Nand # € N*, (1) @Y%) | & ¢{(#) | holds, and (2) for
all m € N, the predicate @fln)(f) = m is decidable. Letting O(f) to denote the
standard Big Theta complexity class of a function f, the pair (®,=¢) defined
by

(M =4 & 25 3 c o(al™)

is an abstract semantics. O

Example 2.6 (Complexity clique). Complezity cliques as defined by Asperti
in [1] can be viewed as an abstract semantics (7, =), that we will refer to as

the complexity clique semantics. For each arity n and program index a let us
define:

i £ NG (o (), 0 (D))



where ((_, _)) : N> — N is an effective bijective encoding for pairs and ® : N> — C
is a Blum complexity. The equivalence =, is defined as follows: for all a,b,n €
N,

wlm) = 7l s g — 6 A (M) =4 ). m

The classical Rice’s theorem states the undecidabilty of extensional pro-
gram properties. Following [25], we parameterise extensional sets by means of
a generic equivalence relation.

Definition 2.7 (~-extensional set). Let ~ C NxN be an equivalence relation
between programs whose equivalence classes are denoted, for a € A, by [a].. A
set of indices A C N is called:

o ~-extensional when for all a,b € N, if a € A and a ~ b then b € A;
o partially ~-extensional when there exists a € N such that [a]. C A;

o universally ~-extensional when for all a € N, [a]. N A # @. O

In words, a set A is ~-extensional if A is a union of ~-equivalence classes, par-
tially ~-extensional if A contains at least a whole ~-equivalence class, and uni-
versally ~-extensional if A contains at least an element from each ~-equivalence
class, i.e., its complement N \ A is not partially ~-extensional. Notice that if
A is not trivial (i.e., A # @ and A # N) and ~-extensional then A is par-
tially ~-extensional and not universally ~-extensional. Let us observe that
~ g-extensionality is the standard notion of extensionality so that the classical
Rice’s theorem [33] states that if A is ~g-extensional and not trivial then A is
not recursive.!

3. Fair and Strong smn Semantics

In this section, we identify some fundamental properties of abstract seman-
tics that will be later used in our intensional computability results. A first basic
property stems from the fundamental smn theorem and intuitively amounts to
requiring that the operation of fixing some parameters of a program is effective
and preserves its abstract semantics.

Definition 3.1 (Strong smn semantics). An abstract semantics (7, =) has
the strong smn (ssmn) property if, given m,n > 1, there exists a total com-
putable function s : N™+2 — N such that for all a,b € N, & € N

AT (8™ (@), §) =< 70y 2 (1)
In such a case, the abstract semantics (7, =) is called strong smn. O

n [25], the term “extensional” is replaced by “compatible” when one refers to generic
equivalence relations ~.



It is worth noticing that the above definition requires property (1) which is
slightly stronger than one would expect. In fact, the natural generalisation of
the standard smn property, in the style, e.g., of [1], would amount to asking that,
given m,n > 1, there exists a total computable function s : N1 — N such that
for any program index a € N and input ¥ € N, )\gj'.m(lm+") (Z,9) =x wizzj)
holds.

The concrete semantics (¢, =) of Example 2.3 clearly satisfies this ssmn
property (1). In fact, the function Aa, b, gj’.m(lnﬂ)(qbém)(f),gj’) is computable (by
composition, relying on the existence of universal functions), hence the existence

of a total computable s : N™*+2 — N such that Ay*.wé”*”(@@ (%), ) == ﬂi?;,bj)
holds, as prescribed by Definition 3.1, follows by the standard smn theorem. It
is easily seen that the same applies to the domain semantics of Example 2.4.

The reason for the stronger requirement (1) in Definition 3.1 is that, to deal
with generic abstract semantics, a suitable smn definition needs to embody a
condition on program composition (of a and b in Definition 3.1). Indeed, if
we consider the semantics based on program complexity (i.e., Examples 2.5 and
2.6), it turns out that whenever they enjoy the smn property in [1, Definition 11]
and, additionally, they satisfy the linear time composition hypothesis in [1, Sec-
tion 4] relating the asymptotic complexities of a program composition to those
of its components, then they are ssmn semantics according to Definition 3.1.
More details on the relationship with Asperti’s approach [1] will be given later
in Section 6.1.

It is worth observing that for a ssmn abstract semantics (r, =), there al-
ways exists a program whose denotation is equivalent to the always undefined
function, namely,

for any arity n € N there exists an index eg € N such that 7™ =, A7.1. (2)

€o
In fact, if b is a program index for the always undefined function Ay. 1 then,
by (1), we have that )\g'.w(()nﬂ)(cﬁb(O),ﬂ) =Nj.T =» 7 holds, so that we

s(0,b,0)
can pick ep £ 5(0,b,0).

It is also worth exhibiting an example of abstract semantics which is not
ssmn. Let m,(Z) be defined as the number of different variables accessed in
a computation of the program a on the input #. Then, let us observe that
the mere fact that m, is always a total function trivially makes the abstract
semantics (7, =) non-ssmn.

To generalise Kleene’s second recursion theorem, besides the ssmn property,
we need to postulate the existence of so-called fair universal programs, namely,
programs that can simulate every other program w.r.t. a given abstract seman-
tics. This generalises the analogous notion in [1, Definition 26], where this sim-
ulation is specific to complexity cliques and must preserve both the computed
function and its asymptotic complexity.

Definition 3.2 (Fair semantics). An index u € N is a fair universal program
for an abstract semantics (7, =,) and an arity n € N if for all « € N:

7 =, A7t (a, 7).



An abstract semantics is fair if it admits a fair universal program for every
arity. O

Clearly, the concrete (cf. Example 2.3) and domain (cf. Example 2.4) se-
mantics are fair. In general, as noted in [1], the existence of a fair universal
program may not only depend on the reference abstract semantics, but also on
the underlying computational model. For instance, when considering program
complexity, as argued by Asperti [1, Section 6] by relying on some remarks by
Blum [4], multi-tape Turing machines seem not to admit fair universal programs.
By contrast, single tape Turing machines do have fair universal programs, de-
spite the fact that this is commonly considered a folklore fact and cannot be
properly quoted. Hereafter, when referring to the complexity-based semantics
of Examples 2.5 and 2.6, we will implicitly use the fact that they are ssmn and
fair semantics.

4. Kleene’s Second Recursion Theorem and Rice’s Theorem

In this section, we show how some foundational results of computability
theory can be extended to a general abstract semantics. The first approach
relies on a generalisation of Kleene’s second recursion theorem, which is then
used to derive a corresponding Rice’s theorem. A second approach consists in
identifying conditions that ensure the existence of an intricated switching family
in the sense of [25], from which Rice’s theorem also follows.

4.1. Kleene’s Second Recursion Theorem

Kleene’s second recursion theorem is a classical result of computability the-
ory, originally proved in [18]. In Rogers’ equivalent formulation [36], it states
that for any total computable function h : N — N there exists a program index
n € N which is a fixpoint of h w.r.t. the concrete semantics, i.e., such that
®n = ¢pn) holds. Kleene’s second recursion theorem can be used to derive
several other classical results, such as the undecidability of the halting prob-
lem, Rice’s Theorem, or to show the existence of quines, i.e., self-reproducing
programs (for more details, we refer to standard textbooks such as [12, 28, 36]).

We show that Kleene’s second recursion theorem holds for any fair ssmn
abstract semantics. This generalises the analogous result proved by Asperti [1,
Section 5] for complexity cliques.

Theorem 4.1 (Intensional Second Recursion Theorem). Let (m,=,) be
a fair ssmn abstract semantics. For any total computable function h : N — N
and arity n € N, there exists an index a € N such that a ~" h(a).

Proof. Since (m,=) is a fair semantics (Definition 3.2), there exists u,n € N
such that v is an abstract universal program for n-ary functions. Hence, for all
reN:

7 oy Zn AT ((90(2)),§) Za ATAED (B0 (2, 2)), 7),



where 1y is the standard unary universal function for the concrete semantics
¢, e, Vp € N. Ay.wu(p,y) = ¢,. Note that h o Az.9y(z,2) is computable
by composition of computable functions. Hence, there exists e such that ¢. =
hoXzay(z, z). Since (r,=,) is a ssmn semantics (Definition 3.1), there exists
a total computable function s : N> — N such that for all x € N:

AT T (W (2, 2)), §) =2 AT (Ge(@), ) =7 750 .

Since s is computable, by standard smn theorem, there exists m € N such that
&m = M. s(u,e,x). Hence, for all z € N:

n) _ ()
Tom () =™ Th(a(z))"

If we set x = m we obtain:

n)  _ ()
Thm(m) = Th(gm(m)):

Because ¢,,, = \z. s(u, e, z) is total, we can consider a = ¢,,,(m) and obtain:

7T((J. ) = ’/Th(a)

which amounts to a ~" h(a). O

As an example, this result, instantiated to the complexity semantics of Ex-
ample 2.5, entails the impossibility of designing a program transformation that
systematically modifies the asymptotic complexity of every program, even with-
out preserving its input-output behavior. The details are discussed below.

Example 4.2 (Fixpoints of Blum complexity semantics). Let (®,=3)
be the Blum complexity semantics of Example 2.5. A program transformation
h: N — N is a total computable function which maps indices of programs into
indices of transformed programs. By applying Theorem 4.1, for any arity n € N,
we know that there exists a program index a such that a ~? h(a) holds. This
means that the program transform A does not alter the asymptotic complexity
of, at least, the program a. O

Our second recursion theorem allows us to obtain an intensional version
of Rice’s theorem for fair and ssmn abstract semantics. Inspired by [25], we
generalise the statement to cover partially extensional properties.

Theorem 4.3 (Rice by fair and ssmn semantics). Let (m,=;) be a fair
and ssmn semantics. If A C N is partially ~7-extensional and not universally
~"-extensional, for some arity n € N, then A is not recursive.

Proof. Since A is partially ~7-extensional and not universally ~"-extensional,
there are xg,2; € N such that [zo].» " A = @ and [z1]wn € A. Assume A
is recursive, hence its characteristic function x4 is computable. Then, we can
define a function f : N — N defined as follows:

T ifreA
T - {33? otherwise =m0 xalz) +z1- (1 —xa(2)).
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Figure 1: A graphical representation of Theorem 4.3. Here, a1 is a program index whose =x-
equivalence class [a1]~, is overapproximated by a set A of programs, i.e., A includes all the
programs that are =r-equivalent to a;. For the program index ag, its =x-equivalence class
[ao]~, is disjoint with A, i.e., all the programs in A are not =r-equivalent to ag. Whenever
such conditions are met for a fair ssmn semantics 7, it turns out that the set A is not recursive.

Observe that f is clearly total and computable. We can now apply our inten-
sional second recursion Theorem 4.1, and obtain that there exists a € N such
that f(a) ~, a. This easily leads to a contradiction that closes the proof. In
fact, there are two cases, either a € A or a ¢ A.

1. If a € A then f(a) = 29 ~, a and thus, since [zg]~- N A = &, we have the
contradiction a ¢ A.

2. Similarly, if @ ¢ A then f(a) = 21 ~, a and thus, since [z1]~ C A, we
deduce the contradiction a € A. O

Fig. 1 provides a graphical representation of this result: if we can find two
program indices ag,a; € N such that A over-approximates the =,-equivalence
class [a1]~. and A does not intersect [ag]~ ., then A cannot be recursive. Let
us illustrate some applications of Theorem 4.3.

Example 4.4 (Halting set). Let (¢, =n) be the domain semantics of Exam-
ple 2.4 with S = N, hence f =y ¢g when dom(f) = dom(g). The halting set
K 2 {a € N| ¢4(a) |} can be proved to be non-recursive by resorting to The-
orem 4.3 for (¢,=y). Let eg,e; € N be such that ¢, = Az.1 and ¢, = Az.1.
Since [e1]=, is the set of programs that compute total functions, we have that
[e1]=y € K. Moreover, [eg]=, is the set of nonterminating programs for any
input, so that [eg)=, N K = &. This means that (¢, =) satisfies the hypotheses

of Theorem 4.3, thus entailing that K is not recursive. O

Example 4.5 (Complexity sets). Let (¢, =), (P, =4) be, resp., the semantics
of Examples 2.3 and 2.5. As observed in Section 3, on a suitable computational
model such as single tape Turing machines, these are fair ssmn semantics, so
that Theorem 4.3 applies.

Let sort : N — N be a total function that takes as input an encoded sequence
of numbers and outputs the encoding of the corresponding sorted sequence. It
turns out that by applying Theorem 4.3, the following sets can be proved to be
non-recursive:

(1) A= {a| ®, € O(nlogn) A ¢, = sort};
(2) B={a|®, € O(nlogn)};
(3) C 2 {a|®, € Q(nlogn)}.
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Let is, ms be different implementations of sort, i.e., ¢;s = ¢p.s = sort, such
that ®;5 € ©(n?) and ®,,; € O(nlogn) — is and ms could be, resp., insertion
and merge sort. Recall that ~g denotes Rice’s equivalence induced by (¢, =)
(i.e., a~gb <& ¢y = ¢p), and, in turn, let ~gp = ~¢ N ~pr be the equivalence
induced by the complexity clique semantics of Example 2.6, which is a fair ssmn
semantics. Then, we have that:

(1) since [is]uy, N A = @ and [ms]
is non-recursive;

(2) since [is]~, N B = & and [ms]~
non-recursive;

(3) let e be any program index such that ®, € ©(1). Since [e]., NC = & and
[is]~, € C, by Theorem 4.3, we have that C is non-recursive. O

C A, by Theorem 4.3, we have that A

~PR

C B, by Theorem 4.3, we have that B is

P

It is worth remarking that in Example 4.5, nlogn could be replaced by any
function, thus showing the undecidability of the asymptotic complexities “big O”
(case (2)) and “big Omega” (case (3)). Let us also point out that Example 4.4
shows how easily the halting set K can be proved to be non-recursive by applying
Theorem 4.3.

4.2. Branching Semantics

Let us investigate the connection between our results and the key notion
of intricated switching family used by Moyen and Simonsen [25] for proving
their intensional version of Rice’s theorem. Firstly, we argue that every ssmn
abstract semantics admits an intricated switching family whenever it is able to
express a suitable form of conditional branching. This allows us to derive an
intensional Rice’s theorem. Moreover, we show that for fair and ssmn semantics,
the identity can always play the role of intricated switching family.

Definition 4.6 (Branching and discharging semantics). An abstract se-
mantics (7, =) is branching if, given n > 1, there exists a total computable
function r : N* — N such that Va, b, c1,co, 2 € N with ¢1 # co:

Ag.d (x,9) fzx=¢c
(n)

)‘g'ﬂr(a,b,q,cz)(x’ Y) == )‘g'ﬂbn) (z,9) ifz=c

Ay otherwise.

Moreover, (r, =) is (variable) discharging if, for all n > 1, there exists a total
computable function ¢ : N — N such that for all a,z € N:
_ o (41 _
7'('((1”) =, Ay.ﬂt(?a) )(J;,y). O
Hence, intuitively, an abstract semantics is branching when it is able to
model the branching structure of conditional statements with multiple positive

guards, while the property of being variable discharging holds when one can
freely add fresh and unused variables without altering the abstract semantics.

11



Let us first recall the notion of recursive inseparability [37, Section 3] and of
intricated switching family from [25, Definition 5].?

Definition 4.7 (Recursively inseparable sets). Two sets A, B C N of pro-
gram indices are recursively inseparable if there exists no decidable set C' C N
such that AC C and BNC = @. O

Definition 4.8 (Intricated switching family [25, Definition 5]). Let ~ C
N x N be an equivalence relation on program indices. An intricated switching
family (ISF) w.r.t. ~ is an indexed set of total computable functions {o4 s} 4 ben,
with 045 : N — N, such that for all a,b € N, the sets A, = {z € N| g4p(x) ~
a} and B, = {x € N| g,(z) ~ b} are recursively inseparable. O

Moyen and Simonsen [25, Theorem 3] show that if an equivalence ~ admits
an ISF, then every partially ~-extensional and not universally ~-extensional set
is not recursive. A simplified version of their intensional result, tailored for our
setting, can be stated as follows.

Theorem 4.9 ([25, Theorem 3]). Let ~ C N x N be an equivalence relation.
If A C N is partially ~-extensional, not universally ~-extensional and there
exists an ISF w.r.t. ~ then A is not recursive.

Branching discharging and ssmn semantics can be shown to admit an intri-
cated switching family, in a way that, relying on Theorem 4.9 we can derive the
following intensional version of Rice’s Theorem.

Theorem 4.10 (Rice by branching, discharging and ssmn semantics).
Let (m,=;) be a branching, discharging and ssmn semantics. If A C N is par-
tially ~7-extensional and not universally ~7-extensional for some arity n € N,
then A is not recursive.

Proof. Let u € N be an index for the standard unary universal program. Con-
sider the total computable functions 7 : N* — N and t : N — N of, resp.,
the branching and variable discharging properties. By the ssmn property, there

2Definition 5 in [25] is instantiated to the case of recursive sets and equivalence relations
over program indices. This is the case of interest for this paper and such restriction simplifies
the presentation. More precisely, Definition 4.8 is obtained from [25, Definition 5] by taking:
(1) the sets S = T = N (intuitively corresponding to sets of program indices); (2) the sets
S = T = REC, where REC C P(N) is the set of decidable sets; (3) F and G such that
UF = UG = N. The requirement of REC-REC-continuity of each total function o4 is
replaced with the stronger condition that each o, 3 is also computable.
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exists a total computable function s : N* — N such that Va, b,z € N:
(n) — (n+1)
o (r(6(a) (8,0, 1),,2,0) =7 M -Tr(4(a) 8(8),0 1>(¢> 2 (x,0),9)

[by the ssmn property]
(n+1)
) 0y (6:0),7)

Ay
Mg D0, 7) i =0
YT (a) ( 79) 1 ¢x( )—
Mg V(L) i 6:(0) = 1
Ay T otherwise

[by the branching property]

i 6,(0) =0
= e if ¢, (0) =1
AyY. T otherwise
[by the variable discharging property]

For all a,b € N, we define the total computable function
gas(w) £ 5(r(t(a),1(b),0,1),u,2,0).

We claim that the family of functions {0, }apen is intricated w.r.t. ~2 (cf.
Definition 4.8). In fact, for all a,b € N, let A, £ {x € N| 0,5(z) ~* a} and
Bap = {x € N|0,(z) ~ b}. We have four cases:

1. if 7r((1 =i an) then A, = B, and therefore they are trivially recur-
sively 1nseparable

2. if 7 T (") and 7" §é7r MBS #n 7rb , we have that A,;, = {z € N |
¢.(0) =0} and B.p ={zr € N|¢.(0) = 1} Hence, the sets A, and B,
are recursively inseparable (cf. [29, Section 3.3]);

3. if " §é7r a =, AZ.1T, we have that B, = {z € N | ¢,(0) = 1}
and A,p = {z € N| ¢,(0) # 1} = B, . The mere fact that B, is not
recursive (by the classical Rice’s Theorem) thus implies that A, and By p
are not recursively separated;

4. if w(n) Zn Wl()n) =, AZ.7T, then we can take a’ = b and b’ = a and conclude
by case 3.

Since in all cases A, and B, are recursively inseparable, it turns out that

{0a,b}tapen is an ISF w.r.t. ~7 and thus we conclude by Theorem 4.9. O

Let us discuss more in detail the relationship with the approach in [25].
Firstly, let us show a lemma which will be fundamental to prove the following
results.

Lemma 4.11. Let ~ be an equivalence relation on program indices. If every
set A partially ~-extensional and not universally ~-extensional is non-recursive
then the identity 1D is an ISF w.r.t. ~.
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Proof. Clearly, the identity ID £ {(A2.%) 4 }a.pen is a family of total computable
functions. Moreover, for a,b € N we have A, = {r € N: z ~ a} = [a]. and
B,y ={x € N:z ~ b} = [b]~. Therefore, every set C' C N such that A,, C C
and B, NC = @, is partially ~-extensional and not universally ~-extensional
and thus, by hypothesis, not recursive. Hence, A,; and B, are recursively
inseparable. O

It turns out that a fair ssmn semantics always admits a canonical ISF,
namely, the identity ID £ {(Az.2)apb}apen-

Proposition 4.12. Let (r,=;) be a fair and ssmn semantics. Then, the iden-
tity ID is an ISF w.r.t. ~7, for alln > 1.

Proof. Since (m,=,) is a fair ssmn semantics, by Theorem 4.3, every par-
tially ~7-extensional and not universally ~2-extensional set A is non-recursive.
Therefore, we conclude by applying Lemma 4.11. O

Let us point out that the identity function has not been exploited in [25],
that instead focuses on the standard switching family. It turns out that the
identity function plays a key role as ISF.

Theorem 4.13. Let ~ C N x N be an equivalence relation. The following
statements are equivalent:

(1) FEvery set A C N partially ~-extensional and not universally ~-extensional
is non-recursive.

(2) The identity ID is an ISF w.r.t. ~.

(3) There exists an ISF w.r.t. ~.

Proof.
(1 = 2): by Lemma 4.11;
(2 = 3): trivial;
(3 = 1): by Theorem 4.9. O

Therefore, the above result roughly states that the identity function is the
“canonical” ISF, meaning that if an ISF exists, then ID is an ISF as well. More-
over, the intensional Rice’s Theorem 4.9 of [25] provides a sufficient condition
(i.e., the existence of an ISF) for a partially and not universally extensional set
to be undecidable. Theorem 4.13 enhances Theorem 4.9 by showing that such
a sufficient condition is necessary as well, or, equivalently, that a partially and
not universally extensional set is undecidable iff there exists an ISF.

We conclude this section by discussing an alternative notion of branching,
which requires the preservation of a full conditional statement with positive and
negative guards.
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Definition 4.14 (Strongly branching semantics). An abstract semantics
(m,=x) is strongly branching if, given n > 1, there exists a total computable
function r : N> — N such that for all a,b, ¢,z € N:

7) = )\yﬂ(n)( ) ifx=c 0
AY. 71'(")( ,§) otherwise.

The condition above is an adaptation to our framework of a property that
is needed in order to exploit a so-called standard switching family as defined
in [25, Example 1]. Despite appearing to be more natural, the preservation
of conditionals with positive and negative conditions is a stronger requirement
than the one we considered in Definition 4.6. Indeed, it turns out that every
ssmn and strongly branching semantics is a branching semantics.

Proposition 4.15 (Strongly branching implies branching). If (r,=,) is a
ssmn and strongly branching semantics, then (w,=;) is a branching semantics.

Proof. Given an arity n, let r be the function of the strongly branching property
of Definition 4.14. By (2) there exists an index ey € N such that ﬂég) = AT
Now, we define the function ¢ : N* — N such that for all a, b, ¢;,cs € N we have
o(a,b,c1,c2) = r(a,r(b,eg,c2),c1). Note that o is a total computable function,
by composition, and for all a, b, c1, ¢,z € N with ¢; # ca:

(n)

o(ab,cr, 62)

l

(n) -
)\yTF rarbeo,c2 1)(1’,y)
gﬂa lf Tr=C
5‘7 b ,€0,C2) (x,9) otherwise

Ay
Agr (a,
)\ (”)(
Agrl (x,

[by the branching property]
) ifrz=c
ifxtc AN =cy

) fxtaAzFe
[by the branching property]

@18@1

AY. 71'(")( ) ifr=¢

—

\y.m, )( ) ifz=co
Ay T otherwise

Thus, o is the desired function for the branching property. O

4.83. An Application to Static Program Verifiers

We adapt the general definition of static program verifier of Cousot et al. [11,
Definition 4.3] to our framework. Given a program property P C N to check,
a static program verifier is a total recursive function V : N — {0,1}. It is
sound when for all p € N, V(p) = 1 = p € P, while V is precise if the reverse
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implication also holds, i.e., when V(p) = 1 < p € P holds. Informally, soundness
guarantees that only false negatives are allowed, i.e., N~ P is possibly a proper
subset of {p € N : V(p) = 0}, while precise verifiers output true positives and
true negatives only (i.e., they decide P).

The classical Rice’s theorem clearly entails the impossibility of designing a
precise verifier for a nontrivial extensional property. However, one may wonder
whether there exist sound verifiers with “few” false negatives. By applying our
intensional Theorem 4.3, we are able to show that sound but imprecise verifiers
necessarily have at least one false negative for each equivalence class of programs,
even for intensional properties.

Example 4.16 (Constant value verifier). Assume we are interested in check-
ing if a program can output a given constant value, for instance, zero with the
aim of statically detecting division-by-zero bugs. Let V be a sound static verifier
for the set P_g = {p € N | 0 € rng(¢,)} of programs that output zero for some
input. The set N £ {p € N| V(p) = 0} is recursive since V is assumed to be a
total computable function. By soundness of V, we have that N\ P—_y C N, so
that N includes, for example, the set of programs computing the constant func-
tion Az.1. Therefore, N is partially extensional, and, by Theorem 4.3, N has to
be universally extensional. This means that for any computable function f € C
there exists a program p € N that computes f such that V(p) = 0. Thus, when
0 € rng(f) holds (e.g., for f = Az.0), V necessarily outputs a false negative for
p. Hence, V outputs infinitely many false negatives. O

Example 4.17 (Complexity verifier). Consider a speculative sound static
verifier V' for recognizing programs that meet some lower bound, for instance,
programs having a cubic lower bound P ys) 2 peN| ¢, = Q(n?)}. Thus,
N 2 {p € N| V(p) = 0} has to be recursive and if ~g is the program equiva-
lence induced by the Blum complexity semantics (®,=¢) of Example 2.5 then,
by soundness of V, we have, for example, {p € N | &, = ©(1)} € N. This
means that N is partially ~g-extensional and, by Theorem 4.3, N is univer-
sally extensional, namely, V will output 0 for at least a program in each Blum
complexity class. For instance, even some programs with an exponential lower
bound will be wrongly classified by V as programs that do not meet a cubic
lower bound. O

As shown by Cousot et al. [11, Theorem 5.4], precise static verifiers cannot
be designed (unless for trivial program properties). The examples above prove
that, additionally, we cannot have any certain information on an input program
p whenever the output of a sound (and imprecise) verifier for p is 0. In fact,
when this happens, p could compute any partial function (cf. Example 4.16) or
have any complexity (cf. Example 4.17).

5. On the Decidability of Affine Program Invariants

Karr [17] put forward an algorithm that infers for each program point ¢ of a
control flow graph modelling an affine program P (i.e., an unguarded program
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with non-deterministic branching and affine assignments) a set of affine equali-
ties that hold among the variables of P when the control reaches ¢, namely, an
affine invariant for P. Miller-Olm and Seidl [26] show that Karr’s algorithm
actually computes the strongest affine invariant for affine programs (this result
has been extended to a slightly larger class of affine programs in [30, Theo-
rem 5.1]). Moreover, they design a more efficient algorithm implementing this
static analysis and they extend in [27] this algorithm for computing bounded
polynomial invariants, i.e., the strongest polynomial equalities of degree at most
a given d € N. Later, Hrushovski et al. [15] put forward a sophisticated algo-
rithm for computing the strongest unbounded polynomial invariants of affine
programs, by relying on the Zariski closure of semigroups.

On the impossibility side, Miiller-Olm and Seidl [26, Section 7] prove that for
affine programs allowing positive affine guards it is undecidable whether a given
nontrivial affine equality holds at a given program point or not. In practical ap-
plications, static analyses on Karr’s abstract domain of guarded affine programs
ignore non-affine Boolean guards, while for an affine guard b, the current affine
invariant ¢ is propagated through the positive branch of b by the intersection
1N b, that remains an affine subspace. By the aforementioned undecidability
result [26, Section 7], this latter analysis algorithm for guarded affine programs
turns out to be sound but necessarily imprecise, thus inferring affine invariants
that, in general, might not be the strongest ones. Miiller-Olm and Seidl [26,
Section 7] prove their undecidability result by exploiting an acute reduction
to the undecidable Post correspondence problem, inspired by early reductions
studied in data flow analysis [13, 16]. In this section, we show that our Theo-
rem 4.10 allows us to derive and extend this undecidability result by exploiting
an orthogonal intensional approach. More precisely, we prove that any nontriv-
ial (and not necessarily affine) relation on the states of control flow graphs of
programs allowing: (1) zero, variable and successor assignments, resp., z := 0,
x:=yand z := y+1, and (2) positive equality guards x = y? and z = v?, turns
out to be undecidable. Since these control flow graphs form a subclass of affine
programs with positive affine guards, the undecidability result of Miiller-Olm
and Seidl [26, Section 7] is retrieved as a consequence.

Following the standard approach, we consider control flow graphs that con-
sist of program points connected by edges labeled by assignments and guards.
Variables are denoted by x;, with ¢ € N, and store values ranging in N, while
Karr’s abstract domain is designed for variables assuming values in Q. Clearly,
from a computability perspective, this is not a restriction since one can consider
a computable bijection between N and Q.

Definition 5.1 (Basic affine control flow graph). A basic affine control flow
graph (BACFGQG) is a tuple G = (N, E, s,¢), where N is a finite set of nodes,
s,e € N are the start and end nodes, and E C N x Com x N is a set of labelled
edges, and the set Com of commands consists of assignments of type z, := 0,
Ty i= T, Tp := Ty + 1, and equality guards of type x, = x,,7, x, = v?, with
ve N O

Let us remark that BACFGs only include basic affine assignments and posi-

17



tive affine guards, in particular inequality checks such as x,, # x,,,7 and x,, # v?
are not allowed. Thus, BACFGs are a subclass of affine programs with positive
affine guards considered in [26, Section 7].

As in dataflow analysis and abstract interpretation [9, 10, 13, 34], BACFGs
have a collecting semantics where, given a set of input states In, each program
point is associated with the set of states that occur in some program execution
from some state in In. A finite number of variables may occur in a BACFG, so
that a state of a BACFG G is a tuple (z1, ..., 2) € N¥, where k is the maximum
variable index occuring in G and k = 0 is a degenerate case for trivial BACFGs
with NO = {e}. The collecting transfer function f()(-) : Com — p(NF) — o(N¥)
for k € N variables and with n,m € [1, k] is defined as follows:

Joni=0(S) 2 {(z1, ..., 2n_1,0,2011,...,2) | T € S},
Fariman, (S) 2 {(1, s T 1, Tny T 15 - -, Tg) | T E ST,
fernima,, 11(S) L2z, T, T+ LTy, .., 2p) | £ € ST
fe,=02(S) &£ {Z € S|z, =0},
fru=r,2(S) SAT € S| wn = 2m}
A no-op command denoted by e is syntactic sugar for z; := 1, ie., fo =

Jor=z, = AS.S. Given k, k' e Nand S € p(N”ﬂ/)7 the projection S [p€ p(NF) is
defined as follows:

S x NF—F ifO<k <k
MR if k' =
{(wl,...,xk)|5@'65’} if k <k

Definition 5.2 (Collecting semantics of BACFGs). Given a BACFG G =
(N,E,s,e) with k € N variables and a set of input states S C N¥ | with k' <
k, the collecting semantics [G]s : N — p(NF) is the least, w.r.t. pointwise set
inclusion, solution in p(N*)IV! of the following system of constraints:

{[[G]]s[s] O Sk for the start node s .

[Gls[v] 2 fe([G]s[u])  for each edge (u,c,v) € E.

Let us observe that, since the collecting transfer functions f. are additive on
the complete lattice (p(N¥), C), by Knaster-Tarski fixpoint theorem, [G] s is well
defined. For # € N, we write [G]z instead of [G] (#}- Notice that [G].) is an
additive function, so that, for any program point u € N, [G]s[u] = Uz g[G]z[v]
holds.

5.1. Turing Completeness of BACFGs

Let us recall that a ssmn abstract semantics needs an underlying Turing
complete concrete semantics of programs (cf. Assumption 2.1). A crucial ob-
servation is that BACFGs are Turing complete despite not including full (both
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positive and negative) Boolean tests. This is proved by showing that any pro-
gram of an Unlimited Register Machine (URM), which is a well-known Turing
complete computational model [12], can be simulated by a BACFG.

Theorem 5.3 (Turing completeness of BACFGs). BACFGs are a Turing
complete computational model.

Before getting into the technical details, it is worth providing, first, an in-
tuition of the proof of Theorem 5.3. Using the definition and notation of Cut-
land [12, Section 1.2], let us recall the four types of instructions of URMs:

e z(n): sets register r, to 0 (r, < 0) and transfers the control to the next
instruction;

e s(n): increments register r,, by 1 (r, < r, + 1) and transfers the control
to the next instruction;

e {(m,n): sets register r, to ry, (r, < 7.,) and transfers the control to the
next instruction;

e j(m,n,p): if rp, = r, and I, is a proper instruction, then it jumps to the
instruction I,; otherwise, it skips to the next instruction;

It turns out that all these URM instructions can be simulated by the BACFGs
depicted in Figures 2 and 3. While the BACFGs in Figure 2 are trivial, let us
describe more in detail how the BACFG in Figure 3 simulates a jump instruc-
tion j(m,n,p). Intuitively, a difficulty arises for simulating the negative branch
Tpn # 7. Here, the BACFG at node ¢; initialises a fresh unused variable z with
both z,, +1 and z,, +1 and transfers the control to a node inc; where z is incre-
mented infinitely many times. Thus, in the least fixpoint solution, at node inc;
the variable z stores any value v > min(z,, ©,), including z = max(z,, ).
Suppose now that x,, > x,, holds: in this case, the guard x,, = 2?7 between nodes
inc; and g;41 eventually will be made true and at the node g; 41 the store will
retain the original values of all variables (z,, and z, included), except for the
new variable z which will be ignored by the remaining nodes. The case x,, > =,
is analogous. Therefore, it turns out that the node g;41 will be reached if and
only if z,, # z, holds, while g, will be reached if and only if x,, = =, holds,
thus providing a simulation for the jump instruction j(m,n, p).

We next give a precise definition of a model of computation for BACFGs
which is able to simulate URMs. Firstly, let us formalise the operational se-
mantics of URMs. Given a URM program P = ([3,...,1I;) consisting of a
sequence of ¢ instructions I, we denote its states by vectors & & NFP  where kp
is the largest index of registers used by P (which is finite). A configuration of
a URM is a pair (Z,c) € N*? x N representing the state of the (possibly used)
registers, and the current instruction I.. Then, the operational semantics is as
follows:
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Figure 2: BACFGs simulating: z(n) (left), s(n) (center), t(m,n) (right).

Figure 3: BACFG simulating a jump instruction j(m,n,p).

Definition 5.4 (Operational semantics = of URMsSs). Given a URM pro-
gram P = (Iy,...,I;), its operational semantics is given by the transition func-
tion =: (N7 x N) — (N¥7 x N) defined as follows: for all # € N*# 1 < ¢ <t,
(@15 ey Tne1,0, Ty 1y ooy Tiep ), ¢+ 1) if I. = z(n)
(X1, s X1, T+ 1, Tpa1, ooy Tp ), ¢+ 1) if I, = s(n)

o Tie1y Ty Loty ooy Thp ), €+ 1) if I, = t(m,n)

(
(
(@) = (
(
(

(z1,

fq> if I. = j(m,n,q) A&y = 2y

Zc+1) if I, = j(m,n,q) A T # Tp
The URM halts when it reaches a configuration (Z,¢ + 1). O

Getting back to control flow graphs, let us point out that the collecting
semantics of BACFGs of Definition 5.2 can be expressed in terms of Kleene’s
iterates as follows.

Definition 5.5 (Kleene’s iterates of BACFGs). Let G = (N, E, s,¢e) be a
BACFG with kg variables. The corresponding initial state L : N — p(NkG),
with # € N*¥¢ | and transformer Fg : (N — p(NF¢)) — (N — p(NK¢)) are
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defined as follows: for all v € N and X € N — p(NFe),
13 2 {{:f} ifvo=s

1%/ otherwise
Fa()kl 2 |J  fe(X[u]) UX[]
(u,c,v)ERE
The sequence of Kleene’s iterates of G starting from L%, is the infinite (pointwise)
ascending chain {FZ(L%)}ien € N — p(N*¢), where the powers of the function
Fg are inductively defined in the usual way: F2(X) £ X and F5 ' (X) £
Fa(Fg(X)). O
Observe that the collecting semantics of Definition 5.2 coincides with the
least fixed point of Fg above L3 w.r.t. the pointwise inclusion order of the
complete lattice N — (N¥¢) obtained by lifting (p(N¥¢), C). Moreover, since
F is a Scott-continuous function (even more, Fg; preserves arbitrary least upper
bounds), by Kleene’s fixpoint theorem, it turns out that
UienF&(L3)[0] = [Glz[v].

Our key insight is that the states of our abstract computational model can be
represented as “differences” between consecutive Kleene’s iterates of Fg.

Definition 5.6 (Operational semantics A of BACFGs). Given a BACFG
G = (N, E, s,e), its operational semantics is given by the function Ag : (N —
p(Nke)) — (N — p(NF¢)) defined as follows: for all X : N — p(N*¢) and
vEN,

Ac(X)v] = U fe(X[u]). O
(u,c,v)EE

Therefore, Ag(X)[v] is the standard “meet-over-paths” of classical dataflow
analysis, namely, the join of the transfer functions f.(X) over all the edges

(u,c,v) of G.
Lemma 5.7. Let G = (N, E,s,e) be a BACFG. For alln € N, X : N —
p(Nke) v e N, we have that F2(X)[v] = Up<i<n AL (X)[v].
Proof. We proceed by induction on n € N.
o n=0: FG(X)[v] = X[v] = AL(X)[v] = Up<i<oAg(X)[V];
e n >0
FE(X)[v] = Fo(Fg~H(X)[v]

= ( U)EEfc(Fg_l(X)[u]) U Fg_l(é’()[v] [by ind. hyp.]

= Ag(Uo<icn—186(X)) ] U (Uo<ic<n—1A5(X)[v])
[by additivity of Ag]

= Ur<i<nAG(X) 0] U (Uo<icn—18G(X)[v])
= Uo<i<n QG (X))
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This closes the proof. O

In the following, we describe an effective procedure 7 to translate a URM
program P into a BACFG which simulates P.

Definition 5.8 (Transformer 7). Given a URM P = (Iy,...,I;), the pro-
cedure 7(P) starts from Ny = {q1,...,q:, @+1} and Ey = & as, resp., sets of
nodes and edges. Then, for all the instructions I; of P:

(i) If I; € {z(n),s(n),t(m,n) | n,m € N} then 7(P) adds an edge between
the nodes ¢; and ¢; 11 as depicted by the diagrams in Fig. 2. For instance,
if I; = z(n) the edge (gi,xn := 0,¢;+1) is added to the set E; the other
cases are analogous.

(ii) If I; = j(m,n,q), for some m,n,q, then 7(P) adds a new node inc; and
the edges depicted by the diagram in Fig. 3. We shall use the variable z

as a syntactic shorthand for zj,11, which is a fresh variable not used in
P.

Let N and E denote the final sets of, resp., nodes and edges obtained by applying
the above two steps (i)—(ii) for all the instructions of P. Then, 7(P) returns a
set of BACFGs {(N, E, ¢s,4e) | gs,qe € No}, where start and end nodes freely
range in Ny and each BACFG has k¢ € {kp, kp + 1} variables. Without loss of
generality, we assume kg £ kp + 1: In fact, if the program P contains no jump
and the extra-variable z is actually not used, then we can add a useless edge
involving the extra-variable z. O

In the rest of this section, we prove that the BACFG G = (N, E, q1,qt+1) €
7(P) simulates the original URM program P. To prove our claim, we define
an equivalence relation between sets of states of a BACFG in 7(P). Intuitively,
two sets X and X’ are deemed equivalent if, for each node, X and X’ induce
the same invariant on the first kp variables, except for the states inc; whose
variable z is already greater than the variables occurring in the outgoing guards.

Definition 5.9 (Equivalence =). Let P = (I1,...,I;) be a URM program
and G = (N, E,qs,q.) € 7(P). Then, given X, X’ : N — o(N*¢), the relation
X ~ X' is defined as follows:

(1) Yie [1,t+1]. X[q] [rkp= X'[qi] Trp;

(2) Vi € [1,¢],Ym € [L,kp|,Y(inc;,xm = 27,¢i41) € E. {& € X[ing;] | z <
Tm} =A{% € X'in¢g)] | z < zp }. O

Let us point out that condition (2) is motivated by the observation that for
nodes of type inc;, the states containing values of x,, below z do not matter.
Clearly, observe that = is an equivalence relation. Moreover, it turns out that
the operational semantic function Ag of Definition 5.6 preserves this equiva-
lence =~ .

Lemma 5.10. Let P = (I1,...,1I:) be a URM program and G = (N, E, qs,q.) €
7(P). Then, for all X, X' : N — p(NF¢), X ~ X' = Ag(X) ~ Ag(X').
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Proof. Assume that X ~ X’. For all i € [1,¢+ 1] we have:

Ac(X)[gi] Tkp
= U fe(X[u]) Tkp

(u)c7Q’l)eE
= U fe(Xlau]) lkp U U Jo=z2(X[inei-1]) Trp
(qu.c,qi)€EE (inci—1,xm=27,q;)EE
= U fc(X[QU]) [kp U U fxm:z?({f S X[incifl} ‘ z < ‘Tm}) rkp
(qu,c,q:)EE (inci—1,2m=27,q;)EE
[as X =~ X
= U [fe(Xqu]) Tkp U U Jom=22({T € X'[inci1] | 2 < Tm}) Tkp
(qu,c,q:)EE (inci—1,2m=27,q;)EE
= U fe(Xqu]) Trp U U Jap=z2(X'linci1]) Tep
(qu,c,q:)EE (inci—1,xm=27,q;)EE

= Ac(X)[ai] Thp -

Moreover, for all ¢ € [1,t], m € [1, kp| such that (inc;, xm, = 27,qi+1) € E:
{Z € Ag(X)[inc] | 2 < zm}
={te U [fe(Xu])]z<zm}

={7e U fe(X[g]) | 2 S 2m} U{Z € frmaq1(X[inc]) | 2 < 2}

= {f € fz::szrl(X[qi]) U fz::zm,+l(X[Qi]) ‘ z S xm}u
{7 € fumen1(Xline]) | 2 < @}
={7 € faze, 1 (X[@]) | 2 S 2} ULT € fomepr(Xinc]) | 2 < 2},
for some n # m. Since X|[q;] [kp= X'[@] Tk, it follows that fr.—p +1(X[q]) =
frma,+1(X[qi]). Also note that:
{7 € fomern(X[inci]) | 2 <wm}
={TF€ frmer1({T e Xing] | z<zp}) | 2 <zm} [as X ~ X']
={7€ focon({T € X'inc;] | z<am}) | 2 <}
={7€ fomo1(X'[incy]) | 2 < T}
Hence,
{Z € Ag(X)[inci] | z < xm}
={7 € fazs,+1(X[a]) | z S 2} U{Z € foice1 (X[inc]) | 2 < @}
= {f € fz::zn+1(Xl[qi]) | z < xm} U {3_3: € fz::erl(X/[inCi]) ‘ z < mm}
={7 € Aq(X")|inc;] : z <z}
This therefore shows that Ag(X) ~ Ag(X’). O
Let us now show that each transition of a URM program can be simulated

by a finitely many applications, say k, of the function A. Moreover, when-
ever A is applied less than k times, we obtain the empty set of states for all
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the nodes. Let us define the following concatenation operation for sequences:
(ai,...,ax) : a = (ay,...,ax,a). Concatenation will be used to deal with the
fact that our transformed BACFG has an additional variable w.r.t. the original
URM program.

Lemma 5.11. Let P = (Iy,...,1;) be a URM program. For all BACFGs
G = (N,E,qs,q.) € 7(P), ,7 € NF? ' € N, if (Z,s) = (i',s') then there
exists k € N such that:

(1) A&(LE) ~ L3 0s

(2) Vie[l,k—1],Vj e [1,t+1]. AL(LE)[g] = 2.

Proof. Assume that (Z,s) = (@', s’). We distinguish three cases.

(i) Let I, € {z(n),s(n),t(m,n) | n,m € N}. Consider the case Iy = z(n) for
some n (the remaining cases are analogous), so that s’ = s+ 1. For k = 1 we
have that:

Ac(Lfy) = . U fe(Lio[u])

(u,c,v)EE
e —=0({Z:0 if v =g,
— . {f w=o({F 0} v =dspa by def. of G]
o] otherwise
~ . Z:0 ifv:q.sﬂ
o) otherwise
=13 [as & = s+ 1]

Thus, Ag(L%,) ~ L%, ie., property (1) holds with k¥ = 1. Property (2)
trivially holds since for k =1, [1,k — 1] is the empty set.

(ii) Let I = j(m,n,p) and assume that x,, = x, holds, so that the next
instruction to execute is Iy, i.e., s’ = p. For k = 1 we have that:

Ac(Lfo) = . U fe(Lo[u])

(u,c,v)EE
fwm=xn?({f: 0}) ifv=g
=M. S fome, +1({Z: 0 U frice, +1({Z: 0})  if v =inc,
1] otherwise
[by def. of G|
{z:0} if v=g,
= A {Z  zy + 1} if v =rinc [as T = x4
%] otherwise

Since s’ = p and ¥ = ¥, we have that:

o forallie [1,t+1],Ac(LL))a] = L¥a] = L% lal;
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e forall i € [1,t + 1] and m € [1, kp] such that (inc;, zn, = 27,¢41) € E:

{Z € Ac(LE)ing] | 2 <xp} =2 ={T € LE linc] | 2 <z}

Thus, Ag(L%,) = J_%iio holds, i.e., property (1) holds with & = 1. Moreover,

once again property (2) trivially holds because [1, k — 1] is empty.

(iii) The last possible case is Iy = j(m,n,q) with z,, # z,, so that the next
instruction to execute is Isyq, i.e., s’ = s+ 1. We first prove, by induction, that
for all ¢ > 1, the following implication holds:

i <|zm — xn| =

foma, +i({Z: 0D U fromu, +i({Z: 0})  if v = incs
o) otherwise

AL(LE)) = . {

For the base case i = 1, we have that:

Acg(LE))
=M. U fe(L%[u])
(u,c,v)EE
— T =z i if v = inc,
o {fz._w({x ODU friman 1 ({Z: 01) ifo=ines e op g
& otherwise

For the inductive case ¢ > 1, assume that i < |z, — x| (if i > |z, — ©,| the
implication (x) trivially holds). We have that:

AG(LE)
= AG(Agl(i%fo))

_ frmep+i-1({T 0P U focp,, i1 ({71 0})  if v = incs
= AG Av. :
[ otherwise

[by ind. hyp. for i — 1 < |z, — 24,

—w ) (fzz:xn+i—1({f : 0}) U fz:=xm+i—1({f: O})) if v = inc,
1o otherwise

[as (incs, z := z + 1,inc,) is an edge of G and

T # T +i—1and x, # 2 +1— 1 since i — 1 < |z, — 2]

o { Focari({Z 0N U forca, ({21 0})  if v = inc,

1] otherwise
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We have therefore shown the implication (x). Now, note that for k = |2, —2,|+1
we have that:

AG T (L)
= Aa(AG" T (L)
AL (M {g_mn+zmmn|({f; ON) U foma s —an ({0} if 0 = imcy

otherwise
[by (+)]
frmantlzm—an 1T 0D U foica 1z 211 ({2 0}) i v = incg
= M. {7 : max(x,,, v,)} if v =gst1
1% otherwise

[because max (T, Tn) = Min(Tm, n) + |Tm — 2]
Since s’ = s + 1 and & = &/, we have that:
o forallie [1,t+1], AG™ TN (LE Vg ko= L0 0] o= L% 00 T

e for all i € [1,¢t+ 1] and m € [1, kp] such that (inc;, xm = 27,¢i41) € E:
(T e AL T (19 ine] | 2 < am} = @ = {TF € L% [inci] : 2 < 2}

Therefore, Ag(L%,) ~ L% holds. Furthermore, for all i € [1, |2, — zy|], by
applying the implication (%) we obtain:

AbL( 1) — frmanti{Z 0D U frize, +:({Z: 0})  if v = inc,
c(Lzo) = .

1%} otherwise.
Thus, for all j € [1,¢+ 1], AG(L%)g;] = @ holds and this concludes the
proof. O

Let us now generalise Lemma 5.11 to any number of execution steps ="
performed by a URM program. In particular, we show that if the URM halts
then our abstract model will reach, after finitely many steps, a state that stores
the URM output in its end node. Likewise, whenever the URM diverges, the
state of the end node will be empty.

Proposition 5.12. Let P = (I1,...,I;) be a URM program. Then, for all
G = (N,E,q,q.) € 7(P), #, 7 €¢ N*? n € N, if (¥, s) =" (¥, t + 1) then there
exists n' € N such that:

(1) AL (L) ~ LL4

z":0 7

(2) Vi€ [0,n" —1]. AL (LE))gr] = 2.

Proof. We proceed by induction on n € N.
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e Base case n = 0, so that (Z,s) = (&,¢t + 1). Therefore, for n’ = 0 the
property (1) holds because:

AL (L%) = A% (L% [asn' =0,t+1=s, & =]
=1%4 [as AY = Az.x]

Moreover, the property (2) trivially holds becase [0,n' — 1] is empty.

e Inductive case n > 0, so that (Z,s) = (&”,s") ="~ (¥, t + 1). We have
that:
— by Lemma 5.11, and observing that s # ¢t + 1, we know that there
exists m € N such that: (1) AZ(L%)) ~ L&/ (2) Vi € [0,m —
1. Ag(LE)la+1] = 2.
— by inductive hypothesis there exists n” € N such that: (i) A%’ (L) =~
LI (i) Vi € [0,n" — 1], AL(LE )a1] = 2.

z':0

Therefore, it turns out that:

A T (LE) = AL (AF(LE)
~ AR (L% ) [as AZ(1%,) ~ L% by Lemma 5.10]
~ LI [by ind. hyp.]

thus showing (1) for n” + m. Moreover, for all i € [0,n” — 1]:

AT (L) = Aa(AE (L)
~ AG(LET).  fas Ag (L) ~ L%, by Lemma 5.10]

Recall that, by inductive hypothesis, AL (L% )ges1] = @, so that we
obtain that for all i € [m,n” +m — 1], AL(L%,)[q+1] = @ holds. Since,
by Lemma 5.11, we have that for all i € [0,m — 1], AL(LL)[q41] = @
holds, we conclude that for all i € [0,n” +m — 1], AL(LL))[q41] = 2,
thus showing (2) for n” + m. O

Proposition 5.13. Let P = (I1,...,I;) be a URM program. Then, for all
G = (N,FE,qs,q) €1(P), ¥ € N*? n e N:

if AR(L% ) [gi11) # @ then 37 € N*7 3n’ € N. (&, s) =" (&, ¢+ 1).
Proof. We proceed by induction on n € N:

e n = 0: by hypothesis, AL(LL)[qi41] = LElgi+1] # @, so that s =t + 1
and, in turn, (%, s) =0 (¥t + 1).

e n > 0: by hypothesis, we have that A%(LZ)[gi41] # @. We consider
s # t + 1, otherwise, one can trivially pick n’ = 0. By construction,
there exist &, s” such that (Z,s) = (2", s”), and, by Lemma 5.11, there

exists m such that AZ(L% ) ~ L%/ . Note that n > m holds, since for
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alli e [I,m—1], A
that Ag~ m(Am(qu ) 20

we have that AL " (AZ(LE N @] = AL ™ (LEDae1] # 2. We
conclude by applymg the 1nduct1ve hypothesm that entails the existence
of m/ such that (Z,s) = (Z,5") =™ (&', s'). O

)[g1+1] = @ holds. By Lemma 5.10, it follows

oL
) ~ A” ™(LZ%"), By hypothesis and Definition 5.9,
(L%

The next two results show that for a given URM program P = (I1,...,I;),
the BACFG G = (N, E, q1, ¢:) € 7(P) simulates the operational semantics of P
starting from its first instruction I;.

Proposition 5.14. Let P = (I1,...,I;) be a given URM program and G =
(N,E,q1,q:41) € T(P). Then, for all #, ¥ € N** and n € N:

if (2,1) =" (T, t + 1) then [Glzolgi1] Tkp= {7}

Proof. By Proposition 5.12 there exists n’ such that Ag (LL) ~ L%ﬁfol and for
all i € [0,n" —1], AL(LZ ) [g41] = 2. Let us prove, by induction on i, that for
all i >n/, AL(LZ) = 2.

e i=n'+1:
ALTHLE)) = Ac(A% (LE))
~ Ag(LL) [as A% (L%) ~ L5 by Lemma 5.10]
= \v.g. [by def. of G|
o i>n/+1:

AG(LE) = Aa(AG 1 (LE)
~ Ag(A\v.9) [by ind. hyp. and Lemma 5.10]
= \.g

Thus, for all i # n/, we have that AL (L% )[g41] = @. Therefore:

[Glzo0lge+1] Thp = UienF (L&) [ge1] Thp  [by Kleene’s fixpoint theorem]

= UienAG (L %) [gr+1] I1p [by Lemma 5.7]

= AL (L20)[r41] Tre las Vi # n'. A (L% )[qtﬂ] @]

={z'}. [as A (l%fo) ~ Lol

This therefore closes the proof. O

Proposition 5.15. Let P = (I1,...,1;) be a given URM program and G =
(N,E,q1,q:41) € T(P). Then, for all & € NP

if for all ¥ € N*? n e N, (£,1) A" (&t + 1) then [G]zolqis1] = 2.
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Proof. For all n’ € N, by Proposition 5.13, we have that A% (L2 )[g+1] = @
holds. As a consequence:

[Glzolai+1] = UieNFi(J-g}:o)[qt+1] [by Kleene’s fixpoint theorem)]
= UienAL(LZ ) [g+1] [by Lemma 5.7]
= . O

We are now in position to prove the main result of this section.

Theorem 5.3 (Turing completeness of BACFGs). BACFGs are a Turing
complete computational model.

Proof. This follows from Propositions 5.14 and 5.15 and Turing completeness
of URMs [12, Theorem 4.7]. O

5.2. Concrete and Abstract Semantics

A key insight is that our concrete semantics is given by URM programs
that satisfy the Assumption 2.1 of Turing completeness, while BACFGs provide
the abstract semantics. Let us consider two Godel numberings for URMs and
BACFGs, so that for an index a € N, RM, and G, denote, resp., the a-th URM
and BACFG programs. The concrete semantics (¢, =) for URMs is defined as
follows: for any index a € N, arity n € N, and input & € N,

S (3)

(n)(ﬁ) » Jy if RM, on input ¥ halts with y stored on its first register
1 otherwise.

The abstract semantics of BACFGs is defined as follows.

Definition 5.16 (State semantics of BACFGs). Let Q C p(N*) be a pred-
icate on sets of states with ¢ € N variables. The state semantics (Q,=) of
BACFGs, for any index a € N and arity n € N, is given by the function

M N o {0,1} defined as follows: for all input & € N,

1 if [Gulzled] # @ A [Galzled It € Q
QM (#) 2350 if [Galzlea] # @ A [Galzleal It € Q
T if [Ga]zled = 2,

where e, is the end node of the BACFG G,. O

Predicates of type Q C p(N!) are also known as hyperproperties [8] in pro-
gram security and the state semantics of Definition 5.16 models the validity of a
given predicate @) at the end node of a BACFG. Note that, from a computabil-
ity perspective, it is not restrictive to focus on the end node, since this can be
arbitrarily chosen in a BACFG.

Theorem 5.17. The state semantics of BACFGs in Definition 5.16 is ssmn,
branching and discharging.
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€

Figure 4: The BACFG Gy.(q ¢, ,c0)» Output of the function 7.

We split the proof of Theorem 5.17 into three separate results that are given
below. In BACFGs, we write the command [z,,Zq4i] := [2p, Tpys], for some
indices a, b and 7 > 0, to denote a sequence of adjacent edges with commands
Ta = Thy Tagl = Tpgls -y Tati ‘= Tppi. Likewise, [Tq, Tati] := 0 denotes a
sequence of adjacent edges labeled with z, := 0, 2441 :=0, ..., Tqy; :=0.

Proposition 5.18. The state semantics of BACFGSs in Definition 5.16 is branch-
mg.

Proof. Let (Q,=) be the state semantics of Definition 5.16 for a given predicate
Q C p(N) on sets of states with ¢ € N variables. We define a total computable
function r : N* — N as follows: given two indices a,b of BACFGs, say G, =
(Na, Eq, Sa, €q) and Gy = (Ny, Ep, sp, €3), and two values ¢1, co € N, the function
r suitably renames the nodes of G, and G} to avoid clashes, and adds two fresh
nodes s (for start) and e (for end) whose in/outgoing edges are depicted by the
BACFG in Fig. 4, thus denoted by G(4,b,c,c0)-

Observe that in the BACFG G,(4,p,c, ,c,) With start and end nodes, resp., s and
e, with inputs ranging in N”, for some n € N, the maximum variable index is
k = max(kq, ky, n), where k,, k;, are, resp., the maximum variable indices in G,
and Gp. Moreover, for all inputs §¥ = (y1,¥2,...,yn) € N and ¢; # cg, it turns
out that:

o if y1 = c1 then [Gr(apc,,e0)]gleal = [Galglea] Tk and [Gria e, ,c0)]gles] =
@.

)

o if y1 = co then [Grapc,,c0)glen] = [Golgles] [k and [Griap.cy,co)]ileal =
@.

)

e otherwise, ie. when y1 & {c1,c2}, we have that [Gi(ap.c,e0)]7l€a] =
HGT(a7b7cl7C2)ﬂﬁ[eb] =4d.
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Consequently:

[[Gr (a,b 61,62)]] [ ] [[Gr(a’b,q,Cz)]]y[ea] U [[Gr(a b cl,C2)]] [eb]
[Galglea) 1x ifyr=c1
[Golgles) T ify1 =co

& otherwise.

Hence, r is a total computable function such that for all a, b, c1,co,x € N with
c1 # ¢

AFQY s oy (0 7)

Ui [Griapier,en)legle]l # DA [Griapier,en)]agle] 1€ Q
=790 i [Griaper,en)ugle]l # G A[Graper,enlagle] 1€ Q
toif [[Gr(a,b,cl,CQ)Hw:y'[e] =09
1 if [Galaglea] # @ A [Galaglea) Thl:€ Q Ax =
0 if [Gala:glea) # D A [Galaglea] Tkt Q ANz =1
1T i [Galuglea =2 A2 =01
=Ay. o1 if [Gplagles] # @ A [Golagles] Tklt€ Q Az =co
0 if [Golagles] # D A [Golagles] [kli¢ QAT =2
T i [Gylagles) =@ A2 =co
1 otherwise
1 if [Galaglea) # @A [Galaglead) [t€ Q Az =y
0 if [Galugled] # @A [Galugled HEQNT =1
1T i [Galaglea =2 A2 =01
=Ay. o1 if [Gylagles] # @A [Golagles] h€E QAT =co
0 if [Golagles] # D A [Grlagles] [t€ Q N =c2
T i [Gylagles) =@ N2 =co
1 otherwise

(n )(x y) ifr=ac

= Ay Qb (,) if o =cy
T otherwise

ANLQM (z,9)  ifr=c

= IR (@, 7)) ifz=c
pYTAN) otherwise

S

Therefore, r satisfies the branching property of Definition 4.6. O

Proposition 5.19. The state semantics of BACFGSs in Definition 5.16 is dis-
charging.
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®

[./,517 -Tn] = [./L'Q, x’ﬂ+1]

O

Tn+1 = Tmax(n+1,ke+1,t)+1

@

Ga!
y

Figure 5: The BACFG G, (4), output of the function r, where irrelevant node names are
omitted.

Proof. Let (Q, =) be a state semantics for a predicate Q C p(N!) on sets of states
with ¢ € N variables. Similarly to the proof of Proposition 5.18, let us define a
total computable function r : N — N as follows: given an index a of a BACFG
Go = (N, Eq, 84, €4), where k, is the maximum variable index occuring in G,
the function r suitably renames the nodes of G, to avoid clashes, and adds two
fresh nodes s and e whose in/outgoing edges are depicted by the BACFG in
Fig. 5.

Notice that in the BACFG G, with start and end nodes, resp., s and e,
given n > 1, for all input ¥ = (y1,y2,...,Yn) € N and z € N we have that
[Gr(a)]a:glea] 1= [Galglea] [+ this happens because the command [z, 2,] :=
[T2, 21 1] left shifts the variables and the assignment ,, 11 1= Tmax(n+1,ka+1,6)+1
guarantees that z, 41 is undefined. Hence, r is a total computable function such
that for all a,z € N:

AQUSY (. 9)

if [[Gr(a)ﬂz: ea] # DN [[Gr(a)]]ng}‘[ea] i€ Q

1 gl
=AG. {0 if [Gria)legled] # DN [Gria)]agled T:¢ Q
T i [Gr]egled =2
1 if [Galgled # @ A [Galgled) Ti€ Q
=\G. ¢ 0 if [Gulglea) # @ A [Galglea) 118 Q
T if [Ga]gled = @
= A7.Q (§).

Thus, r is a function satisfying the discharging property of Definition 4.6. [
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Proposition 5.20. The state semantics of BACFGs in Definition 5.16 is ssmn.

Proof. Let m,n > 1 and (Q,=) be a state semantics for a given predicate
Q@ C p(NP) on sets of states with p € N variables. We define a total computable
function s : N™*+2 — N which takes as input two indices a, b and a m-dimensional
vector Z2 € N™. Intuitively, to satisfy the ssmn property of Definition 3.1, the
output of s(a,b, Z) should be a BACFG that simulates the computation of the
concrete semantics gb,()m) as defined in (3). Since this latter concrete semantics
is defined on URMs, it is enough to simulate the program RM, = (I1,...,I;).
To this aim, recall that the total computable function 7 of Definition 5.8 trans-
forms URMs into BACFGs having equivalent semantics. Roughly, the BACFG
Gs(a,b,é’) on input :lj € N” first simulates Gy = (Nb/,Eb/,ql, qt+1) € T(RM(,) on
input Z, and, then, simulates G, = (Ng, Eq, Sq,€,) On input ¢l(7m)(2’) : 7j. Before
going into the details, recall that, in general, URMs set unused registers to 0,
so that, by a slight abuse of notation, we define the vector projection Z[€ N¥,
for all Z = (z1,...,z) € N¥ | as follows:

5[ N (,217...,,219/,0)[]C 1f0§k’<k
b (Zl7 .,Zk) if £ < K

Let k, and k; be the maximum variable (or register) index occuring, resp., in
G, and RM;. Recall the operational semantics = for URMs of Definition 5.4
and notice that:

¢(m)(§’) _ 2y if 3F e NP (Z [, 1) =% (2t + 1)
T otherwise.

Therefore, by Propositions 5.14 and 5.15, in order to simulate gblgm)(Z) it is
enough to execute Gy on input ' [,: 0. More in detail, the transform s(a, b, 2’
will add the following commands:

1. [@gy+2, Thytnt1] = [21,25], to safely store the original input ¥ € N™; in
fact, the execution of [Gy/] B will use the first k; 4+ 1 variables only;
2. (21, Trmin(m,ky)] = [21, Zmin(m,k,)], SO that the first min(m, k) variables

contain 7 [, except for the 0-padding;
3. [Tmin(m.ky)+1> Thy+1) = 0, to (possibly) add the missing 0-padding;

This allows us to execute Gy on input (2 [,: 0) : . The next step is to execute
G, on input gbl()m) (2) : §. Therefore, we add the following commands:

—»

4. [z2,Tpt1] = [Try+2, Thy+nt1), tO Testore the original input (%) on the
variables starting from xo;

5. [Znt2, Tmax(ka,p)] ‘= [Thytnt2> Thy+max(ke,p)], tO ensure that all the re-
maining variables up to Tmax(k, p) are left undefined.

Finally, the BACFG G, is executed. The resulting BACFG G(4,5,7), with start
and end nodes s and e, resp., is described by the graph in Fig. 6. Observe that,
by definition:
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o if (bl()m)(é') 1 then, by Proposition 5.15, [G(ab,5)]7lea] = [Gv]z[qi+1] = 5

e otherwise, by Proposition 5.14, [G.5,5)]7l€d] [p = [[Ga}](ﬁ(m)(z),g[ea] [p-
¢ :

Hence, we defined a total computable function s such that for all a,b € N and
Ze N™

AY. Qs(a b,2) (ﬁ)

1 if [[Gs(a b g)]]g[ea] # N [[G (a,b,?) ]]"[ea] Ip€ Q
=700 if [Gyapnlglea] # D A [Gsapnlgled ¢ Q

T if [[Gs(a,b,z)]]y[eﬂ] =0

1 if (,ZSI()m) (5) \L A[[Gaﬂ(pgm)(g):g[ea] 7& I N HGG]]qbl()m)(E):g'[ea] [pe Q
== )\g 0 lf d)gm) (2) \L /\[[Gaﬂd);)m)(g):g[ea] # N HGG]]¢§:”)(§);?7[GG] rp¢ Q

1T otherwise
= 2.0V (6™ (2),9)

Therefore, s is a function satisfying the ssmn property of Definition 3.1. O

5.8. An Application to Affine Program Invariants

Consider a state semantics (Q,=) for some predicate Q@ C p(N*). For all
n > 1, let us define two sets A9 and A%, by distinguishing two cases depending
on whether @ includes the empty set, that models nontermination, or not:

(1) If o ¢ Q then:
AYQ 2 {a e N|V7.QU (§) = 1};
AT L {aeN|37.Q () =1}.
(2) If @ € Q then:
AR & {a e N| V. Q(")()G{l T
AT 2 {a e N|37.Q0 () € {1,1}}.

Hence, AYQ (A3?) is the set of BACFGs such that Q holds at e, for any
(some) input state. It turns out that if the property @ is nontrivial then neither
AY@ nor A3 can be recursive.

Corollary 5.21. If Q is not trivial then AY? and A3Q are not recursive.

Proof. Observe that AY? is ~g-extensional. Thus, Theorem 5.17 enables ap-
plying our intensional Theorem 4.10 to the state semantics (@, =) to derive

that A9 is not recursive. The same argument applies to the existential version
A€, O
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[xkb+27 xk)b-i-n-i-l] = [:I:].a xn]

[1'1’ Imin(m,k}b)] = [217 Zmin(m,k:b)]

[xmin(m,kb)+17xkb+1] =0

O = OO0

G

<

-

Z2, xn-‘rl] = [xkb+27 xkb-i-n-i-l]

Tn+2, l’max(ka,p)] = [fckb+n+2a $kb+max(ka,p)]

O 10—

Q
)

Figure 6: The BACFG Gy(4,p,7), output of the function s, where irrelevant node names are
omitted.
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Thus, Corollary 5.21 means that we cannot decide if a nontrivial predicate
@ holds at a given program point of a BACFG for all input states, neither
whether there exists an input state that will make @ true. Let us remark that
the predicates () are arbitrary and include, but are not limited to, relational
predicates between program variables such as affine equalities of Karr’s abstract
domain. Let us define some noteworthy examples of predicates:

(i) Given a set of affine equalities aff = {aj - & = b;}J2,, with a; € Z' and
bj €Z, Qug = {5 € p(N') |V € S.Vj € [1,m]. d} - T = b;};
(ii) Giveni € [I,t] and c €N, Q—. £ {S € p(N!) | I € S. v; = ¢};
(iii) Given a size k € N, Qgn, = {S € p(N*) | |S| = k} and Qgin = UkenQfin, -

Therefore, it turns out that Corollary 5.21 for AVQ« entails the undecid-
ability result of Miiller-Olm and Seidl [26, Section 7] discussed at the beginning
of Section 5. The predicate (Q—. can be used to derive the undecidability of
checking if some variable x; may store a given constant ¢ for affine programs
with positive affine guards, e.g., for ¢ = 0 this amounts to the undecidability
of detecting division-by-zero bugs. Finally, with Qgn, we obtain the undecid-
ability of dead code elimination, Qg,, entails the well-known undecidability of
constant detection [13, 31], while the existential predicate Qg, encodes whether
some program point may only have finitely many different states.

6. Discussion of Related Work

In this section we discuss more in detail the relation with some of Asperti’s
results [1] and with Rogers’ systems of indices [35, 36].

6.1. Relation with Asperti’s Approach

We show that our ssmn property in Definition 3.1 is a generalisation of the
smn property in Asperti’s approach [1], in a way that Kleene’s second recursion
theorem and Rice’s theorem for complexity cliques in [1] arise as instances of the
corresponding results in our approach. Let us first recall and elaborate on the
axioms for the complexity of function composition studied by Lischke [21, 22, 23]
and assumed in [1, Section 4].

Definition 6.1 (Linear time and space complexity composition). Con-
sider a given concrete semantics ¢ and a Blum complexity ®. The pair (¢, @) has
the linear time composition property if there exists a total computable function
h : N? — N such that for all 4, j € N:

()¢h ij) — ¢z ¢ja
(2) Phaj) € O(P5 005 + D).
(

If (2) is replaced by
(2) ®p(iy) € O(max{P; 0 ¢, ®;})

then (¢, ®) is said to have the linear space composition property. O
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Roughly speaking, the linear time composition property states that there
exists a program h(%, j) which computes the composition ¢;(¢;(x)) in an amount
of time which is asymptotically equivalent to the sum of the time needed for
computing P; on input x, eventually producing some output ¢;(z), and the
time form computing P; on such value. On the other hand, the linear space
composition property aims at modeling the needed space, so that rather than
adding the complexities of F; and P;, their maximum is considered, since this
intuitively is the maximum amount of space needed for computing a composition
of programs.

By observing that ©(max{®; 0 ¢;, ®;}) = O(P; 0 ¢; + ®;) we can merge the
linear time and space properties of Definition 6.1 and extend them for n-ary
compositions as follows.

Definition 6.2 (Linear complexity composition). Given a concrete se-
mantics ¢ and a Blum complexity @, the pair (¢, ®) has the linear complezity
composition property if, given n, m > 1, there exists a total computable function
h : N? — N such that for all 4, j € N:

m+mn =y = +1 JER—
e = xang. ot (04 (3), ),

ey e O (8" TV (64 (@), 7)) + @™ (@))). O

We can now recall the smn property as defined in [1, Definition 11].

Definition 6.3 (Asperti’s smn property). Given a concrete semantics ¢,
a Blum complexity ® and m,n > 1, the pair (¢, ®) has the Asperti’s smn
property if there exists a total computable function s : N™t! — N such that
Ve e N, ¥ € N™:

Mo (@) = 6l s

M. (7, 5) € OGO L (7). 0

Informally, the smn property of Definition 6.3 states that the operation of
fixing parameters preserves both the concrete semantics and the asymptotic
complexity. Under these assumptions, we can show that Asperti’s complexity
clique semantics satisfies our ssmn property. The proof is a simple adaptation
of the one used in Section 3 to argue that the concrete semantics of Example 2.3
is ssmn.

Lemma 6.4. Let (m,=,) be the complexity clique semantics of Example 2.6.
If (7w, =) satisfies Asperti’s smn and linear complexity composition properties
then (m,=,) is ssmn.

Proof. We have to show that given m,n > 1, there exists a total computable
function s : N™*2 — N such that for all a,b € N, & € N™:

AT (G0 (), §) = 70 -
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We have that

)\37.71'(”_'_1) (¢£m) (J_f), 7) =

a

= A7 (T (o™ (2), 7), 8D (6™ (), 7))
[by definition of 7]

_ — m4+n) ;- —» m—+n) ;- —»
= MGy (&), @ (7, )
[with h : N2 — N total computable, by linear complexity composition]

— —

=x \J. <<¢i7()h(a,b)7f) (y)a (I)itl()h(a)b)j) (y)»
[with s’ : N™*1 — N total computable, by Asperti’s smn property]

— ™) (n) __(n)
= (0 tnam .z Do (e = T (n(ap).2)
The desired function s : N™*2 — N can therefore be defined as s(a,b,7) =
s'(h(a,b), ). Note that s is total computable since h and s’ are so. O

This result, together with the observation that the notion of fairness in
Definition 3.2 instantiated to the complexity clique semantics is exactly that
of [1, Definition 26], allows us to retrieve Kleene’s second recursion theorem and
Rice’s theorem for complexity cliques in [1] as instances of our corresponding
results in Section 4.1.

6.2. Relation with Systems of Indices

As mentioned in Section 2, our definition of abstract semantics resembles the
acceptable systems of indices [28, Definition I1.5.1] or numberings [36, Exercise
2-10], firstly studied by Rogers [35]. In this section we discuss how such notions
compare.

Definition 6.5 (System of indices [28, Definition II.5.1]). A system of in-
dices is a family of functions {¢)"}, ¢y such that each ¥™ : N — C,, is a surjective
map that associates program indices to n-ary partial recursive functions.

o {¢"},en has the parametrization (or smn) property if for every m,n € N
there is a total computable function s : N™*1 — N such that Ve € N, ¥ €
N

Aﬂ’-wé’””(i", y) = w?(e,f)~

e {¢"},en has the enumeration property if for every n € N there exists
u € N such that for all and e € N and § € N™:

b = Mgy (e, ). =

Any standard Godel numbering associating a program with the function
it computes is a system of indices with the parametrization and enumeration
properties. Moreover, exactly as we did in Example 2.3, any system of indices
{¢"},en can be viewed as an abstract semantics (r,=) with 7% £ . In
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this context, the enumeration and parametrization properties correspond to our
fairness and ssmn conditions: fairness is exactly enumeration while ssmn follows
from parametrization and enumeration, as discussed in Section 3 for the concrete
semantics (cf. Example 2.3).

A system of indices is defined to be acceptable if it allows to get back and
forth with a given system of indices satisfying the parametrization and enumer-
ation properties through a pair of total computable functions.

Definition 6.6 (Acceptable system of indices [35, Definition 4]). Let
{¢" }nen be a given system of indices with the parametrization and enumeration
properties. A system of indices {)"},en is acceptable if there exist two total
computable functions f, g : N — N such that for all a,n € N:

Vo = Phay and g =tgy. O

As shown in [28, Proposition I1.5.3], it turns out that a system of indices is
acceptable if and only if it satisfies both enumeration and parametrization (a
proof of this characterization was first given by Rogers [35, Section 2]). Conse-
quently, an acceptable system of indices {)"},en can be viewed as an abstract

semantic (m, =), where 7/* = ¥, which, by this characterization of acceptabil-

a’
ity, is ssmn and fair, and therefore, by Theorem 4.1 it enjoys Kleene’s second
recursion theorem, as already known from [28, Corollary 11.5.4].

Under this perspective, a generic abstract semantics according to Defini-
tion 2.2 can be viewed as a proper generalisation of the notion of acceptable
system of indices, in the sense that the latter merely encodes a change of pro-
gram numbering and does not allow to take into account an actual abstraction

of the concrete input/output behaviour of programs.

7. Conclusion and Future Work

This work generalises some traditional extensional results of computabil-
ity theory, notably Kleene’s second recursion theorem and Rice’s theorem, to
intensional abstract program semantics that include the complexity cliques in-
vestigated by Asperti [1]. Our approach was also inspired by Moyen and Simon-
sen [25] and relies on weakening the classical definition of extensional program
property to a notion of partial extensionality w.r.t. abstract program seman-
tics that satisfy some structural conditions. As an application, after showing
the Turing completeness of the class of affine control flow graphs with positive
affine guards (BACFGs), we strengthened and generalised a result by Miiller-
Olm and Seidl [26] proving that for affine programs with positive affine guards
it is undecidable whether an affine relation holds at a given program point.
Our results also shed further light on the claim that these undecidability results
hinge on the Turing completeness of the underlying computational model, as
argued in [25].

It is worth observing that our approach, similarly to those of [1, 25], relies
on the possibility of constructing or transforming programs while preserving the
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abstract semantics as required, e.g., by the fairness property (cf. Definition 3.2)
or the branching broperty (cf. Definition 4.6). These requirements can be hard to
meet when the semantics of interest is too concrete. For instance, properties of
programs related to the exact complexity (e.g., the set of programs p terminating
in exactly ®,(n) = n? + 2 steps), can hardly be cast into our framework, even
though we do not provide a formal impossibility result.

As future work, an interesting direction concerns the chance of leveraging
our framework to achieve new (or already known) undecidability results of static
program analyses. Some viable candidates appear to be the undecidability
results already mentioned in the introduction, such as the undecidability of
flow-sensitive alias analysis [6, 20], points-to analysis [6], and context-sensitive
data-dependence analysis [32].

A further stimulating task would be to investigate intensional generalisations
of Rice-Shapiro’s theorem that fit our framework based on abstract semantics.
This appears to be a nontrivial challenge. Generalisations of Rice-Shapiro’s the-
orem have been given in [1, Section 5] and [25, Section 5.1]. A generalisation in
the vein of the approach in [1] seems to be viable, but would require structural
assumptions on abstract program semantics that, while natural in [1] whose
focus is on complexity properties, would be artificial for abstract program se-
mantics and would limit a general applicability. A further stimulating research
topic is to apply our approach to abstract semantics as defined by abstract
interpretation of programs [9], in particular for investigating the relationship
with the notion of abstract extensionality studied by Bruni et al. [5]. Finally,
while our framework relies on the assumption of an underlying Turing complete
computational model, in a different direction, one could try to consider inten-
sional properties for classes of programs indexing subrecursive functions (e.g.,
primitive recursive functions), whose extensional properties have been already
studied (see, e.g., [14, 19]). Despite the fact that we suppose that our approach
will fall short on these program classes, as one cannot expect to have a univer-
sal program inside the class itself or the validity of Kleene’s second recursion
theorem, we think that this represents an intriguing research challenge.
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